OBJECTIVES: Iron deficiency anemia in childhood is a serious public health problem worldwide. Reticulocyte hemoglobin content (Ret-He) is a novel biomarker of iron deficiency adopted for adults but there is a lack of reference intervals for Ret-He in infants. The aim of this study was to provide data from healthy infants. METHODS: Swedish infants (n = 456), born at term after normal pregnancies were included. Ret-He was measured at birth (umbilical cord sample), 48-72 h, 4 months, and 12 months. Reference intervals were calculated as ±2 standard deviations from the mean of Ret-He. RESULTS: Reference intervals for newborn Ret-He were 27.4 to 36.0 pg/L (N = 376) in the cord sample, 28.1-37.7 pg/L (N = 253) at 48-72 h, 25.6-33.4 pg/L (N = 341) at four months and 24.9-34.1 pg/L (N = 288) at 12 months. Ret-He was significantly lower among iron-deficient infants, at 4 months mean difference (95% CI) −4.2 pg/L (−6.1 to −2.4) and at 12 months mean difference (95% CI) −3.4 pg/L (−5.0 to −1.8).
INTRODUCTION
Iron deficiency (ID) is the most common nutritional deficiency worldwide.
1,2 Insufficient dietary iron, variable absorption, and rapid growth put infants at particular risk for ID. Iron plays an important role in the development of the central nervous system and is essential to neural myelination and neurotransmitter function. [3] [4] [5] Iron deficiency anemia (IDA) during infancy is therefore associated with poor neurodevelopment. Although ID can be reversed with iron supplementation, the alteration in cognitive and behavioral performance observed in children with ID may not be fully correctable. [6] [7] [8] Relying solely on hemoglobin (Hb) for evaluation of iron status is not recommended since it is a poor marker of mild or moderate ID and may thus delay the detection of ID in infants. An optimal biomarker of ID has proven difficult to establish. 9 In clinical practice, biochemical tests are most commonly used to diagnose ID, such as serum ferritin and transferrin saturation (TS). 10 However, these tests are subjected to biological variability, such as diurnal variation and fluctuation with dietary iron intake. Ferritin, which is the most commonly used biomarker, is an acute phase reactant produced in the liver, and is also altered in inflammatory states. 11 In this setting, reticulocyte hemoglobin content (Ret-He) has emerged as a relatively new iron status marker. In some previous studies, it has even shown promising qualities as a biomarker of early ID. 11, 12 Two methods for analysis of Ret-He are available; the CHr (mean cellular Hb content of reticulocytes) parameter provided by the ADVIA 120 and 2120 (Bayer Diagnostics, Tarrytown, NY) and the Ret-He (reticulocyte Hb equivalent) available on analyzers from the Sysmex Corporation, Kobe, Japan (XE 2100, XE 5000 and the XN series), respectively, and show very good level agreement. 13 Ret-He, together with mean corpuscular volume (MCV), Hb, and reticulocyte count are hematological tests that can be used to diagnose ID. The lifespan of erythrocytes among children after the neonatal period is 60-90 days; 14 therefore, it takes some time to see changes in red blood cell parameters appropriate for ID. Reticulocytes exist in the circulation for only 1-2 days and may provide a more real-time view of the availability of iron in the bone marrow. 15 The potential clinical utility of Ret-He for diagnosis of ID in infancy has so far been limited by the lack of reference intervals, 9, 16 but has been proposed to be superior to ferritin and TS in the evaluation of iron status in anemic children in chronic dialysis. 17 Reference intervals have been reported for newborns within 24 h, in a population of children between 6 months and 5 years, with a median of 4 years, and for infants during their fist 90 days. [18] [19] [20] [21] A recent study compared Ret-He and soluble transferrin receptors (sTfR) for the diagnosis of iron depletion in young children aged 0.5-3 years, comparing these biomarkers with ferritin levels. 22 The study showed that Ret-He was decreased at low levels of ferritin, and also that Ret-He level was significantly correlated with ferritin, MCV, and Hb. Another study concluded that CHr/Ret-He seems to be a suitable marker for latent ID in preterms at 3-4 months corrected age. 23 However, earlier studies have been based on patients, that is children visiting hospitals due to a health-related reason, which may introduce bias, and since there is still a lack of age specific reference intervals for Ret-He, we decided to utilize data from a large sample of healthy infants to create reference intervals for Ret-He from birth to one year of age.
METHODS

Study population
This study was performed at the Hospital of Halland, Halmstad, based on two earlier studies on hematological and iron status in relation to cord clamping during infancy. Between 16 April 2008 and 22 May 2009; 378 children were included in a randomized controlled trial investigating the effect of early versus late umbilical cord clamping at birth. 24 Additional blood samples were collected between 7 June 2010 and 29 February 2012, when 78 children were included as part of a study assessing timing of umbilical cord clamping in relation to planned cesarean section. 25 Thus, this study population comprises of two separate sample populations, the first with vaginal births and the second with caesarean section. All children were born at term, with normal birth weights. Their mothers were healthy, non-smokers with uneventful pregnancies. 24 In the present study, blood samples from both study populations were used. The timing of blood sampling was as follows: birth (umbilical cord blood), 48-72 h (in conjunction with metabolic screening), 4 months, and 12 months. In addition to Ret-He, the blood samples were analyzed for Creactive protein (CRP), Hb, MCV, transferrin, serum iron, ferritin, sTfR, and TS.
To define the age-related reference populations we excluded infants with anemia, ID, or inflammation. The following exclusion criteria were used: CRP level above 10 mg/L, ID, or anemia; see Table 1 . ID was defined as at least two (out of four) iron store indicators, including MCV, TS, sTfR, and ferritin, outside reference interval. 26 Statistical analyzes Statistical analyzes were conducted using IBM SPSS Statistics 22.0 (SPPS, Chicago, IL). Several statistical methods are available to estimate reference intervals. The parametric approach is one of the most commonly used, where data is assumed to follow a Gaussian distribution, based on the distribution curves and the size of the population. In the present study, the reference interval is presented as the arithmetic mean ± 2 standard deviations (SD). In a single interval study, the recruitment of at least 120 healthy reference individuals is proposed to be required in order to achieve an acceptably high enough statistical confidence. 27 Associations between Ret-He and more established biomarkers for ID, i.e ferritin, MCV, sTfR, and Hb were analyzed by calculation of the Pearson's correlation coefficient. Independent samples T-test was used for the comparison between groups with continuous data, while groups with skewed distribution were analysed with Mann-Whitney U test. To assess differences between Ret-He at different time points paired samples T-test was used. Statistical significance was defined as a P-value <0.05.
Technical methods Blood was collected in EDTA tubes (BD Vacutainer®, Plymouth, UK) for complete blood count, and in serum separator tubes (BD Vacutainer®) for iron status, bilirubin, and CRP. Blood samples were stored for a maximum of one hour in room temperature and then transported for analysis to the hospital Clinical Chemistry Laboratory where analyses were performed. Ret-He, as well as Hb and MCV, were analyzed using the automated haematology analyser Sysmex XE 2100 (Sysmex, Kobe, Japan). Iron status indicators and CRP were analysed using Cobas 6000 (Roche Diagnostics, Basel, Switzerland).
Ethical approval
The study was approved by the regional research ethics committee at Lund University (41/2008, 344/2009). Written informed consent was obtained from the parents by a midwife before the inclusion.
RESULTS
This study included a total of 456 full-term infants. Participants were included at Hospital of Halland, Halmstad between April 2009 and February 2012. The baseline and background characteristics of all the infants included in the study are presented in Table 2 . Figure 1 shows the flow of study infants and the number of samples excluded.
After statistical analyzes, we found that Ret-He was approximately normally distributed (Fig. 2) . We therefore decided to define reference intervals as the arithmetic mean ±2 SD. In order to establish reference intervals for healthy infants, infants with anemia, ID, inflammation or any combination of these conditions were excluded. These exclusions are detailed in Fig. 1 . The number of subjects with a missing value of Ret-He at each time point is also shown in Fig. 1 .
Reference intervals, the arithmetic mean ±2 SD for Ret-He are shown in Table 3 A negative correlation with sTfR was found at all time-points, whereas a Ret-He was positively correlated with ferritin at birth and at 4 months. Ret-He showed a significant correlation with Hb 
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at 12 months. There was also a strong negative correlation with CRP at 4 and 12 months of age (Table 4) .
DISCUSSION
Our data provide reference data of Ret-He from birth to 12 months in a large population of healthy infants. We demonstrate that RetHe is approximately normally distributed, as shown also in other studies, 29 and therefore eligible for analyzes by parametric methods. For the calculation of reference intervals we have selected a reference subset of infants excluding conditions that may affect reticulocytes, such as anemia, ID, and inflammation.
To establish reference intervals, it is proposed to measure blood samples from subjects who are healthy. 27, 30, 31 In children, it is often challenging, because reference intervals should reflect different phases of physiological development from birth and upwards. Therefore, defining the exclusion criteria is crucial and the excluded subjects will depend, of course, on the particular analyte evaluated. For example, to determine a reference interval for Hb or related hematological analytes, it would be wise to exclude subjects with ID or inflammation. 32 The obtained values will assume a certain distribution (reference distribution) and, by analyzing it with appropriate statistical methods, reference intervals can be calculated. Our observed lower reference levels (−2 SD) at 4 and 12 months of 25.6 and 24.9 pg/L, respectively, corresponds well to the cut off level of 25 pg/L commonly used to diagnose ID in older children. 33 Ret-He or its equivalent CHr has shown promise in the identification of children with ID solely on the basis of hematological parameters, 11 as well as a potential predictive tool as an early indicator of ID in infants, 12, 13 even though its use as a single biomarker has been challenged. 9 In our correlation analysis, Ret-He was strongly correlated to sTfR at all ages, while there were varying correlations to MCV, Ferritin, and TS, as well as Hb. This might reflect that these indicators describe different stages of iron metabolism. Ret-He has been suggested as superior to Ferritin for not being affected by inflammation, which has been questioned. 34 Our study suggest a correlation between CRP and Ret-He at 4 and 12 months, when inflammation most likely has been in place for a longer time reducing circulating iron in the blood.
In comparison to other proposed reference intervals for Ret-He and/or CHr, it is possible to compare our results at birth and at 48-72 h with the study by Christensen et al. who analysed Ret-He from 6632 blood samples among infants in the first 90 days of life. 20 A majority of the blood samples were taken during the first three days of life (N = 4950, 75%) and the first week (N = 5676, 86%). The study also included~30% preterm (less than 37 weeks gestational age) infants. The mean Ret-He at birth was 35.9 pg/L (3.1), which is higher than in the present study, 31.7 pg/L (2.2). The Ret-He decreased to 30.1 pg/L (3.6) at day four in the study by Christensen et al., in comparison to the present study in which RetHe rose to 32.9 pg/L (2.4) at 48-72 h in our study. The study by Christensen et al. study had a larger sample size but is limited by being based on convenience samples from clinically ordered complete blood counts, thereby most likely containing a larger sample of infants in need of hospital care, while the children in our study were healthy. Lorenz et al. reported Ret-He levels within 24 h after birth in 512 newborn including a subgroup of 216 term infants. 18 Ret-He was 32.0 (3.2) pg/L in the term group, relatively similar to our results 31.7 (2.2) pg/L in umbilical blood. In parallel to the Christensen study, but in contrast to our findings, Lorenz found a decrease in Ret-He from samples taken within the first days of life compared. 35 One explanation might be that Ret-He was measured from umbilical cord samples in our study, while from blood samples taken after birth in the Christensen and Lorenz studies.
Another study, by Teixeira et al., presented reference intervals for CHr, based on 100 children aged 6 months to 5 years, as 27.5-33.4 pg/L, which is higher than our proposed interval at 12 months; 24.9-34.0, based on 285 children. The median age in the study by Teixeira et al. was 4 years, which might explain this discrepancy. 19 In our study, we found a significant lower Ret-He among boys compared to girls at 4 months of age. The background for this difference is not known but most likely reflects the earlier reported difference in iron status between sexes at this time point of life. 24 compared to other races among toddlers aged 12-36 months. 37 We did not document race in the present study. A limitation of this study is the varying number of infants remaining at the different time-points of blood sampling, shown in Fig. 1 . This is due to loss-to-follow-up at 4 and 12 months, respectively, but also due to technical shortcomings, such as missed blood sampling at birth, and insufficient blood-sample volume at the laboratory.
By including healthy infant and not patients, this study´s results may adhere more to a "true" normal distribution of Ret-He values, further enhanced by excluding infants that were accidentally found to have ID, anemia, and/or inflammation. As Ret-He was higher in the non-ID group as compared to the excluded ID group, the suggested Ret-He intervals will allow clinicians to identify more infants with suboptimal iron stores. In the analysis of the distribution curves, there is a slight skewness to the left in the direction of the lower values of Ret-He. This may represent a subgroup of infants at risk for development of ID, which has not been identified with more established iron markers, such as ferritin.
In conclusion, this study is one the largest studies investigating reference intervals for Ret-He. The results will facilitate the use of Ret-He as a screening tool for ID in infants. 
